Abstract: Dynamical analysis of compact groups provides important tests of models of compact group formation and evolution. By compiling 2066 redshifts from FLWO/FAST, from the literature, and from SDSS DR12 in the fields of compact groups in McConnachie et al. (2009) , we construct the largest sample of compact groups with complete spectroscopic redshifts in the redshift range 0.01 < z < 0.22. This large redshift sample shows that the interloper fraction in the McConnachie et al. (2009) compact group candidates is ∼ 42%. A secure sample of 332 compact groups includes 192 groups with four or more member galaxies and 140 groups with three members. The fraction of early-type galaxies in these compact groups is 62%, slightly higher than for the original Hickson compact groups. The velocity dispersions of early-and late-type galaxies in compact groups change little with groupcentric radius; the radii sampled are less than 100 h −1 kpc, smaller than the radii typically sampled by members of massive clusters of galaxies. The physical properties of our sample compact groups include size, number density, velocity dispersion, and local environment; these properties slightly differ from those derived for the original Hickson compact groups and for the DPOSS II compact groups. Differences result from subtle differences in the way the group candidates were originally selected. The space density of the compact groups changes little with redshift over the range covered by this sample. The approximate constancy of the space density for this sample is a potential constraint on the evolution of compact groups on a few Gigayear timescale.
INTRODUCTION
Compact groups of galaxies provide a very dense environment for the study of galaxy evolution. These groups contain a few galaxies separated by projected distances of only a few tens of kiloparsec, comparable with the galaxy sizes. Compact groups are thus the densest galaxy systems known. The line-of-sight velocity dispersions of these groups (∼ 200 km s −1 , Hickson et al. 1992 ) are lower than those of clusters (500 − 1000 km s −1 , Rines & Diaferio 2006; Hwang et al. 2012 ), but comparable with many loose groups (Einasto et al. 2003) . The high density, low velocity dispersion, and short crossing time of compact groups make them a test-bed for the study of galaxy interactions (e.g. Hickson et al. 1992; Mendes de Oliveira & Hickson 1994; Bitsakis et al. 2011; Sohn et al. 2013; Bitsakis et al. 2014; Fedotov et al. 2015) .
The physical processes important for the formation and evolution of compact groups remain unclear. The mere survival of these systems for times
Corresponding author: J. Sohn much longer than a few crossing times has been a long-standing puzzle. Several numerical simulations showed that galaxies within a compact group should merge and the group should thus disappear (Barnes 1985 (Barnes , 1989 Mamon 1987) . In fact, Barnes (1989) proposed that compact group galaxies merge into a single elliptical galaxy on a very short time scale (< 0.02 Hubble time), comparable with the observed crossing time (Hickson et al. 1992; Pompei & Iovino 2012) . Other simulations suggested that compact groups can survive much longer than the crossing time (Governato et al. 1991; Athanassoula et al. 1997) . Governato et al. (1991) showed that for galaxies with a mass range appropriate to compact groups, some group members may remain in quasi-stable orbits for billions of years. Athanassoula et al. (1997) suggested that compact groups survive because the galaxies are embedded in a common halo. In yet another picture, Diaferio et al. (1994) proposed that compact groups form within a single rich loose group and they can thus acquire new members from the surrounding environment thus lengthening their apparent lifetime. The number density of compact groups as a function of 2 Sohn et al. epoch may thus depend not only on the merger rate of galaxies within them but also on the replenishment with new members accreted from the surroundings.
The environments of compact groups are an important clue to understand their formation and evolution. Known compact groups inhabit a range of environments ranging from clusters and rich groups to low density regions. Ramella et al. (1994) found that 76% of a sample of 38 Hickson compact groups are embedded in rich groups. Several studies showed that a significant fraction of compact groups are embedded in clusters, rich groups, less dense poor groups and in the surrounding larger-scale structures (Rood & Struble 1994; Ribeiro et al. 1998; Andernach & Coziol 2005; Mendel et al. 2011; Pompei & Iovino 2012) . In some of these studies neither the compact group candidates nor the environments have complete redshift measurements (e.g. see the discussion by Mendel et al. 2011) . A fuller understanding of the environmental issues affecting the formation and evolution of compact groups requires complete spectroscopy of compact group candidates within a large volume redshift survey.
The abundance of compact groups as a function of redshift is also a potential constraint on the evolution of these systems. For example, Kroupa (2015) suggested that the abundance of compact groups should decline significantly over a 1 Gyr timescale for halos composed of exotic dark matter particles. The suggestion by Kroupa (2015) tacitly assumes that compact groups do not accrete new members from the environment in contrast with the model proposed by Diaferio et al. (1994) . To date there are no direct observational measures of the space density evolution of compact groups to test these conjectures.
There have been several attempts to construct larger catalogs of compact groups (Rose 1977; Hickson 1982; Prandoni et al. 1994; Iovino et al. 2003; Lee et al. 2004; de Carvalho et al. 2005; McConnachie et al. 2009 ). Hickson (1982) published a widely used catalog of 100 compact groups. McConnachie et al. (2009) used Hickson's criteria to identify compact groups in the photometric data of the Sloan Digital Sky Survey (SDSS) data release 6 (DR6, Adelman-McCarthy et al. 2008) . Currently the sample of McConnachie et al. (2009) is the largest catalog of compact group candidates with 77,088 tentative groups. However, at least 55% of the compact group candidates from the magnitude-limited sample of 14.5 ≤ r ≤ 18.0 could be contaminated by interlopers as a result of their selection based on photometric data. This interloper fraction may be greater for their faint sample compact groups with 14.5 ≤ r ≤ 21.0.
Redshift surveys of compact group candidates provide a basis for cleaner catalogs better suited to testing models for the formation and evolution of these systems (Hickson et al. 1992; Pompei & Iovino 2012) . Hickson et al. (1992) showed that 69 of the 100 compact groups in his original catalog include four or more members with accordant redshifts. Similarly, Pompei & Iovino (2012) observed 138 compact group candidates drawn from the second digital Palomar Observatory Sky Survey (Iovino et al. 2003; de Carvalho et al. 2005) ; 96 of these contain three or more galaxies with accordant redshifts (DPOSS II compact groups hereafter). The 70% success rate for these two catalogs underscores the importance of spectroscopic observations for constructing a robust sample of compact groups.
We conduct a spectroscopic survey of compact group candidates in the SDSS DR6 to construct an updated sample of compact groups with complete redshifts. By adding 2066 redshifts, we construct the largest catalog of compact groups with complete spectroscopic redshifts. Based on this sample, we examine the physical properties of compact groups including size, velocity dispersion, space density and local environment. We compare these properties with the Hickson and the DPOSS II groups. We show that the physical characteristics of the groups in our catalog are not a strong function of the redshift of the system. We also estimate the space density of compact groups as a function of redshift for the range 0.01 < z < 0.22. These estimates are a first step toward using the space density as a test of models for the evolution of these systems.
Section 2 describes the basic sample used to construct the compact group catalog. Section 3 explains the method of identifying compact group members once the redshifts are measured. We examine the physical properties of the sample compact groups with complete redshifts and compare them with other compact group catalogs in §4. We summarize in §5. Throughout, we adopt ΛCDM cosmological parameters H 0 = 100 h km s −1 Mpc −1 , Ω Λ = 0.7, and Ω m = 0.3. We use H 0 = 100 h km s −1 Mpc −1 to facilitate comparison with earlier work. (Hickson 1982) to identify compact group candidates in the photometric sample of SDSS DR6 galaxies. Hickson's criteria can be expressed as follows: N (∆m < 3) ≥ 4, R N ≥ 3R G , and µ gr < 26.0 mag arcsec −2 . N (∆m < 3) means the total number of member candidate galaxies within 3 mag of the brightest galaxy in a system. R G is the angular size of the smallest circle containing all members, and R N is the angular size of the largest circle that includes no additional galaxies within 3 mag of the brightest galaxy. µ gr is the mean surface brightness within the circle of radius R G . McConnachie et al. (2009) constructed two catalogs of compact group candidates with different magnitude limits: catalog A with 14.5 ≤ r ≤ 18.0 and catalog B with 14.5 ≤ r ≤ 21.0. Catalog A and catalog B list 2297 and 74,791 compact group candidates with 9713 and 313,508 tentative member galaxies, respectively.
Here we use catalog A as a parent sample. Despite the bright magnitude limit for catalog A, only a small fraction of group candidates in the catalog were previously confirmed as genuine compact groups based on spectroscopic redshifts. There are only 70 complete compact groups in the catalog containing four or more members with velocity difference from the mean group velocity less than 1000 km s −1 (see Table 1 ).
Redshift Data
To construct a sample of compact groups with complete redshifts, we conducted a redshift survey of the galaxies in the fields of compact group candidates in catalog A of McConnachie et al. (2009) (see their Table 3 ). Among the candidate group galaxies, we primarily targeted galaxies in groups that already have two or three members with measured redshifts. We then ranked the targets by their apparent magnitude; the targets have r−band magnitudes in the range 14.2 < r < 17.0. To avoid other selection effects, we did not use any selection criteria other than apparent magnitude. Figure 1 shows the color-magnitude diagram for the target galaxies. We use the extinction-corrected Petrosian magnitudes from the SDSS DR12. We also plot the compact group galaxies identified with SDSS DR6 and DR12 redshift data. The FAST target galaxies are generally brighter than compact group galaxies with the SDSS redshifts. The color distribution of compact group galaxies peaks at g − r ∼ 0.8. We obtained long-slit spectra of 193 galaxies with the FAST spectrograph (Fabricant et al. 1998 ) installed on the 1.5m Tillinghast telescope at the Fred Lawrence Whipple Observatory (FLWO) from 2013 May to 2014
May. We used a long slit with a 3 arcsec width and a 300 line grating providing spectral resolution of 2.94Å and a dispersion of 1.47Å pixel −1 . The spectra cover the wavelength range 3470 − 7420Å. The exposure times range from 900 to 1800 s depending on the brightness of the target galaxy. We reduced the data using IRAF. We measure the redshift of each galaxy with the rvsao (Kurtz & Mink 1998) task. During the pipeline processing, we assign a quality flag of 'Q' for high-quality redshifts, ' ?' for marginal cases, and 'X' for poor fits. We obtained 193 spectra in this study. Among these, five have an 'X' flag and three have a ' ?' flag. We exclude these eight objects from the analysis. The typical velocity measurement error for the FAST spectra of compact group galaxies is 22 km s −1 . We supplement these data with redshifts from the literature (see Hwang et al. 2010 for details) including the FAST archive and the SDSS DR12 (Alam et al. 2015) . 
A SAMPLE OF COMPACT GROUPS WITH REDSHIFTS
We combine the 2066 additional redshifts with the existing data for galaxies in the fields of compact group candidates in McConnachie et al. (2009) . We determine compact group membership based only on galaxies with a spectroscopic redshift. We first compute the median redshift of compact group member candidates as a tentative group redshift. We then calculate the line-of-sight velocity differences between member candidates and the median redshift, and remove foreground and background galaxies with line-of-sight velocity differences larger than 1500 km s −1 . We use the mean velocity of the remaining group galaxies as a group systemic redshift. We finally select member galaxies in each group with concordant redshifts of |v galaxy − v group | ≤ 1000 km s −1 , following the velocity separation of CG galaxies used in previous studies (Hickson et al. 1992; Mendel et al. 2011; Pompei & Iovino 2012 We adopt galaxy morphology information for the compact group galaxies from the Korea Institute for Advanced Study (KIAS) DR7 value-added catalog (VAGC) (Choi et al. 2010) . Choi et al. (2010) classified early-and late-type galaxies using the u − r color, the g − i color gradient, and the i band concentration index following the automatic classification scheme suggested by Park & Choi (2005) . We visually classify the morphology of galaxies not included in the KIAS DR7 VAGC using the SDSS images.
There are three types of compact groups in our spectroscopic sample: groups with four or more members (N ≥ 4 compact groups hereafter), groups with three members (N = 3 compact groups hereafter), and incomplete groups with three confirmed members plus one or more tentative member galaxies with unknown redshifts (N ≥ 3 incomplete compact groups hereafter). We do not use these N ≥ 3 incomplete groups for further analysis except when computing the group abundance. It is unclear whether these N ≥ 3 incomplete groups would be confirmed as N ≥ 4 or N = 3 groups; thus we do not include them in the analysis. However, these incomplete groups remain useful for determining the abundance of N ≥ 3 compact groups. The incomplete compact groups consist of at least three member galaxies and this satisfy our compact group selection criteria. Thus, we include them only when we compute the group abundance. Hickson (1982) originally defined compact groups with N ≥ 4 members rather than with N ≥ 3 members. Duplancic et al. (2013) compared the properties (i.e. stellar mass, star formation rate and color) of compact triplets with those of larger compact group candidates. They concluded that galaxy triplets do not differ from more populated compact groups, but they do differ from galaxy pairs and clusters. Many previous studies have included N = 3 compact groups when all three galaxies have measured redshifts confirming their membership. We thus include the N = 3 compact groups. Table 1 summarizes our compact group selection. In the original catalog of McConnachie et al. (2009) , there are 70 N ≥ 4 and 55 N = 3 genuine compact groups with 291 and 165 members, respectively. By adding the SDSS DR12 data, the number of compact groups increases to 164 N ≥ 4 and 125 N = 3 compact groups with 685 and 375 members, respectively. Finally our FLWO/FAST observations contribute an additional 28 N ≥ 4 and 15 N = 3 complete compact groups for a final sample of 192 N ≥ 4 and 140 N = 3 compact groups with 799 and 420 member galaxies, respectively. Among the N ≥ 4 compact groups, there are 164, 26, 1 and 1 groups with N = 4, 5, 6 and 7 members. We also identified 395 N ≥ 3 incomplete compact groups with a total of 1185 member galaxies. The number of compact groups with complete spectroscopic redshifts a The number of galaxies in N ≥ 4 and N = 3 compact groups, and chance alignments. b Error in the interloper fraction is 1σ standard deviation derived from 1000 bootstrap resamplings.
in this study is about three times larger than the number in the original McConnachie et al. (2009) catalog.
The new redshift data also identify many chance alignments among the compact group candidates of McConnachie et al. (2009) . There are 144 and 9 compact group candidates that turn out to be chance alignments of galaxies with discordant redshifts based on the SDSS DR12 and FLWO/FAST data, respectively. This substantial number of chance alignments clearly underscores the importance of spectroscopic redshifts for reducing the contamination the compact group sample.
The data yield a measure of the interloper fraction for our sample groups. These interlopers are galaxies initially selected as candidate group members, but the redshift shows that they are non-members. We define the interloper fraction as
where N members is the number of spectroscopically confirmed members and N total candidates is the number of compact group candidate galaxies in the fields of N ≥ 4 compact groups, N = 3 compact groups, and chance alignments. We base the estimate of the interloper fraction on the N ≥ 4 and N = 3 compact groups and chance alignments where most candidate group galaxies in McConnachie et al. (2009) have measured redshifts. We exclude N ≥ 3 incomplete compact groups and group candidates, because we do not know the exact number of interlopers in these groups. Figure 1 ). Table 5 lists 332 compact groups with N ≥ 3 including ID, R.A., Decl., number of members, group redshift, group size, group number density, velocity dispersion, and neighboring clusters if there are any. The group center is the mean R.A., Decl. and redshift of the member galaxies. We examine whether there are any compact groups close to galaxy clusters using the NASA Extragalactic Database (NED) with the criteria |v group − v cluster | < 3000 km s −1 and R projected < 1h
Mpc, typical virial radius (R 200 ) for galaxy clusters (Rines et al. 2013) . Table 3 lists 1473 galaxies in the fields of compact groups in Table 5 including ID, R.A., Decl., morphology, r−band magnitude, g − r color, membership flag, redshifts and its source. We list only the galaxies originally included in the compact group catalog of McConnachie et al. (2009) .
In Table 4 , we also list 139 galaxies with FLWO/FAST redshifts, not included in the N ≥ 4 and N = 3 compact groups listed in Table 5 . Among the 139 galaxies, 49 are in N ≥ 3 incomplete compact groups and nine galaxies are in chance alignments. The other 81 galaxies are in compact group candidates that could be confirmed as groups if we secure redshifts for the other member galaxies. These groups require further spectroscopy. Figure 2 shows the absolute r−band magnitudes of individual compact group member galaxies as a function of redshift. The sample galaxies are distributed over a redshift range 0.015 < z < 0.212 and a magnitude range −22.5 < M r < −16.0. The plot shows no significant difference in redshift and magnitude distribution for N ≥ 4 and N = 3 compact group galaxies. For comparison, we plot the absolute r−band magnitudes of the Hickson compact group members. The sample here extends to a higher redshift limit than the Hickson sample. Figure 3 shows the group velocity dispersion as a function of redshift. The median redshift for our sample is z = 0.08. There are more N = 3 compact groups than N ≥ 4 groups at z > 0.15, but the most distant compact groups have N ≥ 4 at z = 0.211. There is actually no significant difference in the redshift distribution between the two types of compact groups. The velocity dispersions of N ≥ 4 and N = 3 compact groups appear to increase slightly with redshift, but the errors in the velocity dispersion are too large to identify a clear trend. (a) Mr -z diagrams for the galaxies in N ≥ 4 compact groups (circles) and N = 3 complete compact groups (triangles) in our catalog, and for N ≥ 3 Hickson compact group galaxies (crosses). Small dots indicate SDSS DR12 galaxies (we display only 1% of the data for clarity). The box defines a volume-limited sample of SDSS DR12 galaxies used for computing surrounding galaxy densities (see Section 4). (b) The redshift distributions and (c) the Mr distributions for N ≥ 4 (filled histogram) and N = 3 compact groups (hatched histogram) in our sample and for the Hickson compact group galaxies (open histogram), respectively. To study the cause of the possible slight increase in the velocity dispersion of compact groups with redshift in Figure 3 , we plot the velocity dispersion of compact groups as a function of the total group r−band luminosity (Figure 4) . The total luminosity is the sum of r−band luminosities of the members. The velocity dispersion increases with total r−band luminosity; the correlation tests including Pearson's, Spearman's and Kendall's result in correlation coefficients of 0.27-0.38 with the two-sided significance of ∼ 0, indicating a weak, but significant correlation. The distribution for compact groups near galaxy clusters does not differ from the other groups. At higher redshift, compact groups containing only low luminosity member galaxies are undetectable because the limiting absolute magnitude changes with redshift. Thus compact groups at higher redshifts tend to have greater total luminosities and larger velocity dispersion than nearby compact groups. The slight increase in the velocity dispersion of compact groups with redshift in Figure 3 reflects the greater total luminosity of the higher redshift systems. When we examine the velocity dispersions and total luminosities of the DPOSS II compact groups, the compact groups at higher redshift also have larger velocity dispersion and greater luminosity for the same reason.
COMPACT GROUP PROPERTIES

The Compact Groups
Physical Properties
Morphological Content
We next examine the morphological content of compact groups. Both N ≥ 4 and N = 3 compact groups show larger fractions of early-type galaxies than latetype galaxies (Table 6 ): 65.3 ± 1.7% and 56.0 ± 2.3% of N ≥ 4 and N = 3 compact group galaxies are early types, respectively. In total, 62.1 ± 1.4% of compact group galaxies are early types. This fraction slightly exceeds the fraction of early-type galaxies in the Hickson compact groups (51 ± 2%, Hickson et al. 1988 ), but it is smaller than the fraction in the DPOSS II compact groups (81%, Pompei & Iovino 2012) . However, the early-and late-type galaxies in the DPOSS II compact groups are classified based on Hα equivalent width, different from the morphological approach we take. Therefore, direct comparison is not possible. The fraction of early-type galaxies in our compact groups is similar to the fraction in local galaxy clusters (Park & Hwang 2009 ). Figure 5 shows the rest-frame groupcentric velocities of galaxies as a function of projected groupcentric radius (i.e. R-v diagram) for N ≥ 4 compact groups. We use the group centers in Table 5 ties and the projected groupcentric distances of member galaxies. We then superimpose the groups directly in Figure 5 . We distinguish early-and late-type galaxies with different symbols (open circles and triangles). The distribution of projected groupcentric radius for earlyand late-type galaxies are similar. The KolmogorovSmirnov (K-S) test cannot reject the hypothesis that the radial distributions of the two samples are extracted from the same parent population. The AndersonDarling (A-D) test gives a result similar to the K-S test. The distributions of the rest-frame groupcentric velocities also show no significant difference. The velocity dispersions of early-and late-type galaxies for N ≥ 4 compact groups are similar, 259 ± 9 km s −1 and 266 ± 14 km s −1 , respectively. These results differ from galaxy clusters that typically show higher velocity dispersions for the more centrally concentrated early-type galaxies relative to late-type galaxies (Colless & Dunn 1996; Mahdavi et al. 1999; Hwang & Lee 2008) . However, Rines et al. (2013) showed that the velocity distributions of the blue and red galaxies in galaxy clusters are not significantly different, similar to the result we obtain for compact groups. Figure 6 shows a similar R-v diagram for N = 3 compact groups. The projected groupcentric distributions for early-and late-type galaxies are similar to the N ≥ 4 compact groups. However, the velocity dispersion of early-type galaxies is significantly larger than for the late-type galaxies (234 ± 15 km s −1 vs. 163 ± 14 km s −1 ) in contrast with the N ≥ 4 compact groups. Figure 7 shows the fraction of early-type galaxies as a function of projected groupcentric distance for N ≥ 4 and N = 3 compact groups. We set the bin size to include a similar number of galaxies in each bin. The fraction of early-type galaxies appears to decrease with groupcentric radius in the range 0 < R projected < 70 h −1 kpc for both N ≥ 4 and N = 3 compact groups. However, the fraction in the outermost region at 70 < R projected < 150 h −1 kpc is as high as the fraction in the very inner region. Because we have a similar number of galaxies in each radial bin, this behavior does not simply result from small number statistics.
We also examine the velocity dispersion of early-and late-type galaxies as a function of groupcentric distance. The dispersion profiles do not change much with groupcentric radius except for the innermost region of N = 3 compact groups. This result differs from dispersion profiles for galaxy clusters that typically increase with decreasing clustercentric radius (Mahdavi et al. 1999; Biviano & Katgert 2004; Hwang & Lee 2008 ), but on much larger scale. Figure 7 shows that we can explore the radial dependence of properties of compact groups (including the early-type fraction and velocity dispersion) in a radial range 0 < R projected < 150 h −1 kpc. This small range is interesting because it is hard to sample in any other systems. The scale is, for example, comparable to or smaller than the typical size of the brightest cluster galaxies (∼ 100 kpc, Newman et al. 2013; López-Cruz et al. 2014 ). The morphological properties of galaxies in these small dense regions may ultimately provide interesting tests of processes involved in galaxy evolution. Figure 8 shows the abundance of compact groups as a function of redshift. To compute the abundance, we first count all of the compact groups in McConnachie et al. (2009) including the N ≥ 4 compact groups, N = 3 compact groups, and N ≥ 3 incomplete compact groups in the volume of SDSS DR7 main galaxy survey. Although the N ≥ 3 incomplete compact groups are not included in our compact group catalog, they are useful for determining the abundance of N ≥ 3 compact groups. Because we use a magnitudelimited sample of galaxies to identify compact groups, the variation in the absolute magnitude limit as a function of redshift affects the observed space density of compact groups.
The Abundance of Compact Groups
To correct for this effect, we follow the method of Barton et al. (1996) , who computed the abundance of compact groups identified by applying a friendsof-friends method to the magnitude-limited sample of CfA2+SSRS2 redshift survey data (Geller & Huchra 1989; Giovanelli & Haynes 1985; da Costa et al. 1994 ). Barton et al. (1996) assumed that the galaxies in their sample compact groups are randomly drawn from a magnitude distribution Φ(M ). They then calculated P i , the probability for detecting ith brightest member of a compact group in the absolute magni- Barton et al. 1996) , the SDSS DR7 compact groups identified by photometric redshifts (square, Mendel et al. 2011) , and the DPOSS II compact groups (asterisk, Pompei & Iovino 2012) . The symbols are shown at the mean redshift for each group survey.
tude range [M, M + dM ]. The P i is proportional to P (i−1)<M (M )Φ(M )dM , where P (i−1)<M (M ) is the probability that i − 1 group members are brighter than M . They derived the P (i−1)<M (M ) from the Poisson distribution:
where λ M is the average number of galaxies in a group brighter than M :
Here, κ is a normalization parameter, and is a function of redshift. Finally, they expressed the probability of detecting ≥ i group member galaxies:
where M lim(z) is the limiting absolute magnitudes at the redshift, and A is the normalization factor which makes P detection (z = 0) = 1. Following the method in Barton et al. (1996) , we construct the selection function for our sample compact groups. We use the luminosity function determined from nearby galaxies in the SDSS data: a Schechter function with α = −0.918±0.027 and M star = −20.31± 0.04 from a volume-limited sample of galaxies with 0.025 < z < 0.044 and M r < −18.0 (Choi et al. 2007 ). We use fixed κ, the median of the measured κ for each compact group. To estimate the uncertainty in the selection function, we determine the upper and lower limits for the selection function using the 1st and 3rd quartiles of κ. Then, we derive the detection probability for compact groups P i using equation (3).
Finally, we calculate the volume number density of compact groups (n cg )
where N is the total number of N ≥ 4 and N = 3 compact groups and N ≥ 3 incomplete groups in the redshift range. In equation (5), Ω survey and Ω all sky are, respectively, the solid angles of the SDSS DR7 (8032 deg 2 ) and the full sky, and D c is the comoving distance. We also calculate the 1st and 3rd quartile of the abundance of compact groups using the corresponding κ. We take these values as upper and lower limits.
Before we apply the completeness correction, we estimate the mean abundance for compact groups at the z = 0.1 to compare with result from the literature (Mendel et al. 2011; Pompei & Iovino 2012) . We use the equation (1) of Lee et al. (2004) Pompei & Iovino 2012) . We note that the DPOSS II compact group abundance accounts only for 'isolated' groups. The estimate of Mendel et al. (2011) is exceeding our result even though they used only N ≥ 4 compact groups. Because Mendel et al. (2011) identified their sample groups using photometric redshifts and did not apply a completeness correction, they may overestimate the compact group abundance. In addition, several studies have estimated the mean group abundance (Mendes de Oliveira & Hickson 1991; Iovino et al. 2003; Lee et al. 2004; de Carvalho et al. 2005; Díaz-Giménez et al. 2012) , but it is difficult to compare these abundances with our result because of differences in the selection criteria and the lack of a completeness correction.
The bottom panel shows that the abundance of our sample compact groups as a function of redshift after the completeness correction. We also plot the abundance for the compact group sample of Mendel et al. (2011) after a similar completeness correction. We note that the sample from Mendel et al. (2011) is derived from photometric redshifts, and only contains N ≥ 4 compact groups.
The abundances of compact groups in this study and in Mendel et al. (2011) at low redshift (i.e. z ∼ 0.02) appear smaller than the abundance of the CfA2 compact groups (Barton et al. 1996) . This difference could result from the Hickson's isolation criterion. The isolation criterion requires that there be no other galaxies within three magnitudes of the brightest group galaxy within the isolation annulus (R G < R GCD < 3R G , where R GCD is groupcentric distance). This criterion was introduced to avoid very dense regions like cluster cores, but it tends to reject some nearby groups. In general, the spatial extent of nearby groups are larger than for distant groups. Thus, the isolation annulus for nearby groups is larger than that for high-redshift groups and some nearby compact groups with large spatial extent may not be selected as compact groups because there are many interlopers within the isolation annulus. The compact groups in this study and in Mendel et al. (2011) are identified with Hickson's criterion, but the compact groups in Barton et al. (1996) are selected with a friends-of-friends algorithm. We plan to examine this issue further using a method similar to Barton et al. (1996) , but with a large spectroscopic sample of galaxies.
The abundance of our sample compact groups changes little as a function of redshift. The sample of Mendel et al. (2011) also changes little with redshift. These results are consistent with Barton et al. (1996) , who showed that the abundance of compact groups does not change in the redshift range 0.00 < z < 0.03 when the compact groups are identified directly from a spectroscopic sample of galaxies using the friends-of-friends algorithm. Kroupa (2015) suggested that there would be more compact groups 1 Gyr ago (e.g. z ∼ 0.1) than in the current universe if compact groups collapse into a single elliptical galaxies on a short timescale. Our results suggest that the space density of compact groups does not change significantly with redshift. Thus compact groups either survive longer than 1 Gyr or they are replenished with galaxies from the surrounding region.
Comparison with Other Compact Group Samples
To compare the physical properties of the compact groups in this study with those in previous studies, we use samples of compact groups based on similar selection criteria and on redshift survey data: Hickson compact groups (Hickson et al. 1992 ) and DPOSS II compact groups (Pompei & Iovino 2012) . The Hickson compact groups are in the redshift range 0.003 < z < 0.333 and they include member galaxies with r < 19.5. The DPOSS II compact groups span a redshift range 0.044 < z < 0.233 and the magnitudes of the member galaxies are r < 19.0.
Both samples are based on Hicksons selection criteria, but the selection criteria for the DPOSS II compact groups differ slightly from Hickson's. Iovino et al. (2003) and de Carvalho et al. (2005) used: N (∆m < 2) ≥ 4, R N ≥ 3R G , and µ G ≤ 24.0 mag arcsec −2 . These criteria differ from Hickson's in several ways. First, Hickson used N (∆m < 3) rather than N (∆m < 2), where N (∆m < 2) refers to the total number of galaxies within 2 mag of the brightest member galaxy. Second, R N in Hickson's criteria is the angular size of the smallest circle encompassing no additional galaxies within 3 mag of the brightest group member, while R N for the DPOSS II compact groups is the angular size of the largest circle that includes no additional galaxies within 0.5 mag of the faintest group member. The definitions of R G are the same. Third, the mean surface brightness limit for Hickson's criteria is 26.0 mag arcsec −2 rather than 24.0 mag arcsec −2 . These differences between the DPOSS II and the Hickson account for some of the differences in the physical properties of compact groups in the two samples.
Physical Properties
We estimate the velocity dispersion for our sample compact groups following Danese et al. (1980) ; the dispersions range from 13 km s −1 to 834 km s −1 with a typical error of 44 km s −1 (Figure 9 ). The median velocity dispersion of all, N ≥ 4, and N = 3 compact groups are, respectively, 207 ± 12 km s −1 , 244 ± 11 km s −1 and 160 ± 14 km s −1 . These results are similar to the Hickson compact groups (median(σ) = 204 ± 13 km s −1 ), but smaller than for the DPOSS II compact groups (median(σ) = 251 ± 22 km s −1 ). When we compare the velocity dispersions of N ≥ 4 and N = 3 compact groups separately, the velocity dispersions of the DPOSS II compact groups still exceed those for other two samples. Figure 10 shows the distribution of the median projected separation of member galaxies in our sample kpc; this range is similar to that of other compact groups: 2 h −1 kpc to 135 h −1 kpc for the Hickson compact groups and 12 h −1 kpc to 188 h −1 kpc for the DPOSS II compact groups. However, the median projected separation of our sample compact groups is larger (median R sep ∼ 72 h −1 kpc) than that for the Hickson compact groups (median R sep ∼ 39 h −1 kpc) and the DPOSS II compact groups (median R sep ∼ 34 h −1 kpc). When we compare N ≥ 4 and N = 3 compact groups separately, these differences remain. The group radius of our sample compact groups (median R G ∼ 57.8 ± 1.5 h −1 kpc) is also larger than that of the Hickson compact groups (median R G ∼ 38.6 ± 7.1 h −1 kpc), but similar to that of the our parent sample (median R G ∼ 62 h −1 kpc McConnachie et al. 2009 ). We also derive the crossing times of the compact groups (Figure 11 ). The crossing time is
where R sep is the median galaxy-galaxy separation and σ 3D is the three-dimensional velocity dispersion (see equation (1) and (2) in Hickson et al. 1992) . The dimensionless crossing time (H 0 t cr ) for our sample compact groups ranges from 0.004 to 0.469, similar to the distributions of the Hickson and the DPOSS II compact groups. The median crossing time (0.033 ± 0.003) for our sample compact groups is larger than for the Hickson (0.016±0.131) and for the DPOSS II (0.015±0.002) compact groups. The larger crossing time of our sample compact groups results from the larger inter-galaxy separations compared with other compact groups. Figure 9 , but the density distribution of the DPOSS II compact group is not shown here.
We compute the group density as in Barton et al. (1996) 
where N is the number of member galaxies, and R G is the group radius in h −1 Mpc. Figure 12 displays the distribution of densities for our sample and for Hickson's sample. The number densities in our sample are lower than for the Hickson compact groups because the sizes of our compact groups are, on average, larger than for the Hickson compact groups. The median number density for our sample is log(ρ/[h −3 Mpc 3 ]) = 3.65, substantially exceeding the number density for subclusters and subgroups in the A2199 superclusters (the median number density at R < 0.5 R 200 is log(ρ/[h −3 Mpc 3 ]) = 1.97, Lee et al. 2015) . Compact groups are indeed much denser environments than galaxy clusters. Table 7 summarizes the physical properties of the compact groups in this study compared with the Hickson and the DPOSS II samples. Figure 13 displays an example of the spatial distribution of compact groups relative to the surrounding large-scale structure for a slice of 9 h < α 2000 < 16 h and 12.5
Local environments of compact groups
• < δ 2000 < 13.5
• . We choose this slice to show various environments of compact groups even though there are only four compact groups in this thin slice. To show homogeneous structures of galaxies regardless of redshift, we plot galaxies in a volume-limited sample with igure 13. Example cone diagram for a slice of 9 h < α2000 < 16 h , 12.5 • < δ2000 < 13.5
• , and 0.00 < z < 0.14. Large open and small filled circles indicate compact groups and their member galaxies, respectively. Small dots denote SDSS galaxies in a volume limited sample with Mr < −20.5 and 0.01 < z < 0.14. The Σ5 for the compact groups from the right are Σ5 = 16.08, 0.07, 0.67 and 0.19. M r < −20.5 and 0.00 < z < 0.14 (see the large box in Figure 2 ). As expected based on previous studies of smaller samples (Rood & Struble 1994; Ramella et al. 1994; Ribeiro et al. 1998; Andernach & Coziol 2005; Pompei & Iovino 2012) , the environments of compact groups are diverse (Figure 14) .
In Table 5 , we examine the number of compact groups located near galaxy clusters. Using NED and requiring |v group − v cluster | < 3000 km s −1 and R projected < 1 h −1 Mpc, only 69 (21%) of our sample compact groups are near known massive clusters. With more relaxed criteria, |v group − v cluster | < 6000 km s −1 and R projected < 1 h −1 Mpc (Mendel et al. 2011) , the number of compact groups near known massive clusters changes little to 80 (i.e. 24%). These fractions are smaller than those in previous studies; e.g., 35% in Pompei & Iovino (2012) and 50% in Mendel et al. (2011) based on similar criteria. Mendel et al. (2011) used compact groups identified with photometric redshifts and N > 4 galaxy groups from the SDSS DR7 (Tago et al. 2010) to study the local environments of compact groups. In contrast, we use only compact groups with complete spectroscopic redshifts and known massive galaxy clusters listed in NED; thus our criteria are stricter than in other studies. The more restrictive criteria result in the lower fraction of compact groups within known massive clusters.
We also investigate the local environments of our sample compact groups using the parameter, Σ 5 , and compare them with the environments of the Hickson and the DPOSS II compact groups. Σ 5 is the surface number density defined as Σ 5 = 5(πD 2 p,5 )
−1 , where D p,5 is the projected distance between the center of the compact group and the fifth nearest neighbor galaxy. We use galaxies in the volume-limited sample to compute the nearest neighbor densities and to make a fair comparison regardless of redshift. We use neighbor galaxies with relative velocities ∆v < 1500 km s −1 , and compute Σ 5 relative to the center of each compact group. We obtain Σ 5 for 309 groups within the volumelimited sample. Figure 14 shows the Σ 5 distribution for our sample compact groups along with the Hickson and the DPOSS II compact groups for the redshift range 0.01 < z < 0.14. Some groups in our study are in denser environment than the Hickson compact groups. Indeed, the A-D test rejects the hypothesis that the distributions of all three samples are extracted from the same parent population with a low p-value (< 0.1). Figure 14 suggests that the Σ 5 distribution of compact groups can be divided into two as many previous studies suggested: 'isolated' and 'embedded' compact groups. To examine the multiplicity of the Σ 5 distribution, we use a statistical test, the Gaussian mixture model (GMM, Muratov & Gnedin 2010) . The GMM evaluates whether the data are more consistent with a multimodal Gaussian distribution rather than a unimodal Gaussian distribution. If the data consist of multiple populations, the GMM returns 1) a low parametric bootstrap method probability, 2) a large separation (D > 2) between multiple Gaussian peaks, 3) a negative kurtosis of the input distribution, and 4) a larger enhancement of the likelihood for the multimodal case than for the unimodal case (−2 ln(L unimodal /L multimodal )).
We assume that there are two populations of compact groups with high and low Σ 5 , and apply the GMM. The GMM test indicates that the Σ 5 distribution may have a bimodal distribution with low probability p = 6.97 × 10 −6 , kurtosis k = 0.186 ± 0.824, large separation between peaks D = 3.68 ± 0.53, and large enhancement of the likelihood −2 ln(L unimodal /L multimodal ) = 29.3. This means that the Σ 5 distribution is consistent with bimodal distribution. The two populations of compact groups are divided at log(Σ 5 ) = 0.62, and 91% (281 out of 309) of compact groups belong to a population with low Σ 5 . If we accept this bimodal distribution of Σ 5 and Σ 5 traces the local environments of compact groups, only ∼ 9% of compact groups are in dense environments. This fraction is much lower than in previous studies (33 − 50%), but our division is based on a statistical test that is very strict compared with other studies based on different local environment indicators (e.g. distance to nearby galaxy groups). Hereafter, we refer the compact groups in dense environments as 'embedded' groups, and the others as 'isolated' groups. Figure 15 shows the physical properties of the isolated and the embedded compact groups including group radius, velocity dispersion, crossing time, and number density. The median size of embedded groups (43.3 ± 4.0 h −1 kpc) is smaller than for isolated groups (57.8 ± 1.4 h −1 kpc). The discrepancy also exists even when we compare the N ≥ 4 and N = 3 compact groups separately. This result is consistent with previous studies based on different compact group samples (Mendel et al. 2011; Díaz-Giménez & Zandivarez 2015) . The smaller sizes of embedded groups result in lower number densities than for isolated groups (Figure 15 (d) ). The size and density distributions of the two groups are drawn from significantly different distributions as the A-D test suggests with low p-value < 0.01. The median velocity dispersion of embedded groups (316 ± 25 km s −1 ) is significantly larger than that of isolated groups (219 ± 8 km s −1 ). The distributions of velocity dispersions of the two groups are also different. This is also consistent with the results in Pompei & Iovino (2012) for the DPOSS II compact groups. Therefore, the median crossing time of embedded compact groups is shorter than the isolated compact groups. The distributions of crossing time for the two groups are also significantly different (p-value from A-D test << 0.01). When we divide the compact groups into isolated and embedded systems based on the distance to nearby galaxy clusters, the difference in physical properties between the two types remains. Compact groups based on Hickson's selection criteria, including our original catalog of McConnachie et al. (2009) , reflect a selection bias against dense local environments as a result of the isolation criterion. In other words, embedded compact groups may not fully represent the compact group population in high-density regions because many compact groups are missed in or near high-density regions as a result of the isolation criterion. The impact of this criterion is a function of the redshift of the group (Barton et al. 1996) .
SUMMARY
By measuring new redshifts and incorporating redshifts from SDSS DR12 and other literature, we construct a catalog of 192 N ≥ 4 compact groups with 799 member galaxies and 140 N = 3 complete compact groups with 420 member galaxies at 0.01 < z < 0.21. In this catalog, all member galaxies have spectroscopic redshifts. To date this catalog is the largest spectroscopically complete sample of these unusually dense systems. We explore the physical properties of the groups in this catalog and compare them with previous samples.
We examine the redshift dependence of physical properties of compact groups in the redshift range 0.01 < z < 0.21. The velocity dispersion of compact groups changes little with redshift, indicating no significant evolution of dynamical masses of compact groups in this redshift range. The space density of compact groups also shows no significant change with redshift. Thus it appears that either compact groups can survive longer than 1 Gyr or they continually reform by accreting new members from their surroundings.
The early-type fraction in our sample compact groups is 62%, slightly exceeding the fraction in the Hickson compact groups. We superimpose all of the compact groups in our sample to investigate the radial behavior of the velocity dispersion and morphological fraction. The velocity dispersion of early-and late-type galaxies are similar in N ≥ 4 compact groups, but the dispersion for the early-type galaxies is larger than for late-type galaxies in N = 3 compact groups. The velocity dispersions of early-and late-type galaxies in compact groups do not change much as a function of groupcentric radius. Compact groups enable examination of these issues at a galaxy density and spatial scale that are hard to access with any other systems.
We compare the catalog we construct with the Hickson and the DPOSS II samples that also have complete spectroscopy. We compare sizes, number densities, ve- locity dispersions and environments as measured by the fifth nearest neighbor to the group. The physical properties of our sample groups are similar to those for the Hickson compact groups, but they differ from those of the DPOSS II compact groups. The differences result from differences in the selection criteria for the DPOSS II and the Hickson compact groups. The parent catalog we use, McConnachie et al. (2009) , is based on Hickson's criteria. The local environments of compact groups are diverse. The Σ 5 distribution of compact groups is bimodal and 9% of compact groups are located in the denser region. This 'embedded' group fraction is lower than previous studies based on different local density tracers. The embedded compact groups are smaller and have larger velocity dispersion than the isolated compact groups on average.
Compact groups are a fascinating laboratory for studying galaxy evolution. Examination of the number density of these systems over a larger redshift range and comparison with simulations may further constrain the formation and evolution of these systems. It is also important to clarify the subtle issues in the identification of the compact systems. Further exploration of identification directly from complete spectroscopic surveys in the nearby and moderate redshift universe would provide a further foundation for understanding the nature of these systems.
